Innovation determines the competitiveness of companies and countries. Innovative products and processes have revolutionized the world economy, and are particularly important in the energy industry. Demand for energy innovation originates from resource scarcity, a surge in energy consumption and stringent environmental regulations. The objective of this paper is to examine the application of selected energy-related innovations in Poland. The analysis is based on the database of the Organization for Economic Cooperation and Development (OECD). Our analysis covers the period 2009-2014, as extended by limited data availability. From it, we conclude that Poland performed well in selected energy-related innovations. This study extends knowledge concerning the link between energy efficiency/renewables and innovation. Keywords: energy industry innovativeness, R&D in the energy industry JEL: Q40, O32
Introduction
Contemporary social sciences devote much attention to innovation, which are critical for every nation regardless of geographical location or GDP. Countries seek innovation in all economic sectors/industries in the hope of gaining an edge over competitors.
In 2008, the energy industry accounted for nearly 10% of global revenue, and would approach 40% if industries that heavily rely on energy (e.g., transportation, logistics, construction, IT services, mechanical and plant engineering) were included [McKinsey& Company, 2008] . This significant share of energy and energy-related industries in global revenue underlines the fact that innovation in those activities impacts economic welfare.
The paper is organized as follows: part one introduces the innovation concept; part two elaborates on innovation theory in the energy industry, and part three quantitatively assesses selected innovations in the energy industry. The paper then presents conclusions suggested by the aforementioned analysis.
The Innovation Concept
Most works on the role of innovation in the economy present either an economics or management perspective. The former is based Schumpeter's work, and the latter on Kotler or Drucker. Schumpeter (Schumpeter, 1934) , sometimes called a "prophet of innovation" [McCraw, 2007] , distinguishes between five innovation types: introducing a new product; implementing a new production method; entering a new market; introducing a new way to sell products or buy raw materials; and implementing a new organizational structure. The Schumpeterian approach focuses on innovation as a response to problems of economic activity [Frankowski, Kubiak, 2012 ]. Schumpeter's concept echoes in the nomenclature of innovation prepared jointly by the OECD and Eurostat. Both organizations [the OECD and Eurostat, 2005] distinguish product, process, marketing, and organizational innovation.
A different line of reasoning is represented by Kotler or Drucker. The former, whose focus is product innovation, describes differences in their "innovative" nature. Kotler [1994] states that a new product might create a new market; represent a new line of goods, supplement existing product lines, embody upgraded characteristics, be repositioned, and reduce costs while meeting the same customer needs.
Drucker's taxonomy differentiates innovation on the basis of impact [Drucker, 2015] . In distinguishing incremental, additive, complementary and radical (breakthrough) innovation, Drucker combines Schumpeter and Kotler's approaches. Drucker's work pertains not only to product itself, but also to production and organizational processes.
The concept of breakthrough innovation resembles the so called "disruptive technology" coined in the late-nineties by Christensen [1997] , which was initially criticized by business and academia [European Commission, 2012, pp. 26-32] but is now widely recognized, with its constraints 2 by the OECD and Eurostat [OECD and Eurostat, 2005] . Innovation can be also perceived as a process. Rotwell [1994] distinguishes five innovation models, by generation. The first group includes technology push models, which were popular from just after World War II up to mid-1960 s. This approach stemmed from the then favorable societal attitudes towards scientific advances and industrial innovation. In the mid-1960 s, companies began shifting towards demand-oriented innovation processes driven by market needs and, during the next decade (mid-1960 s-mid-1970 s) , technology pull (or need) models gained importance. The oil crisis and resource constraints in the 1970 s proved, that push and pull models of innovations were extreme and atypical. Consequently new innovation processes were predicated on a stronger interaction between technological capabilities and market needs. This attitude led to the so called "coupling model of innovation". The emergence of Japan as an economic superpower in the mid-1980 s marked the fourth generation of innovation models, often called parallel/integrated models. This model assumed, on one hand, supplier integration into new product development and, on the other, the simultaneous work of different company departments on product development. At the end of the XX th century the fifth generation of innovation emerged, during which entrepreneurs shifted from their innovation focus from a company-inside to a company-outside approach. In contrast to the fourth generation model, a company's ability to innovate was de-emphasized, in favor of the company's networking capacity and inclusion of customer feedback in the innovation process. This approach has continued to present.
Innovations in the Energy Industry
Innovation in the energy industry is part of the broader industrial innovation concept. Mesoeconomic analysis focuses on the innovation connected with an industry branch (sector) or region. According to Malerba [1999, p. 4] . Agents may cooperate or compete in product development. Once cooperation within the industry focuses on technological assistance, agents (mainly companies) share infrastructure, knowledge and competencies [Carlsson, Stankiewicz, 1991] . According to Przychodzien [2015] , one of the most comprehensive innovation notions in the sectoral system is the "Large Technical Systems" idea described by Hughes in 1980's. Sectoral system innovations include: artefacts (e.g. transmission lines); organizations (e.g. investment banks); natural resources (e.g. coalmine); university teaching/research programs; and regulatory law [Hughes, 2012] . With mesoeonomic level analysis comes cluster examination. Poland offers a prime example of energy clusters in the Silesia region (Śląski Klaster Czystych Technologii Węglowych).
In industrial innovation a key component is technology driven innovation. Freeman and Soete [1997] , specializing in the economics of industrial innovation, devote much attention to analyzing oil sector innovations in the XX th century. Energy technology innovation systems [Grubler, 1998 ] are a recent topic described through a Schumpeterian approach. Sagar considers energy technology innovation as "research and development of emerging alternative energy technology as well as the improvement of existing energy technology" [cited by Guo et al., 2016, p. 2] . He classifies energy technology innovation using four categories: innovation policy; innovation input; innovation process; and innovation organization. Sagar confirmed the results reached by Gallagher [ibidem] that energy technology innovation is a process reflected in market share and other factors related to new energy technology diffusion. This process starts with technological invention and ends with technological diffusion. Lefevre [1984] argues that innovation diffusion in the energy industry refers to demonstration projects that play a vital role in energy innovation commercialization process.
Investigating the theoretical underpinnings of the energy technology innovations requires additional clarification regarding the dual nature of energy technology innovations. As Margolis highlights [ibidem, p. 2], energy technology innovation is bidirectional because energy is both a determinant and a subject of the innovation process. In this first role, energy technology innovation appeared in the works of Hicks [1932] as "induced innovation, " which Hicks claimed occurs from changes in the prices of production factors. This approach is followed in studies by Popp [2001] , Doms and Dunne [1995] and Pizer et al. [2002] , who assess the impact of increases energy prices on innovation and technology choices. Energy technology innovation steps are more often analyzed as a part of the innovation process that take different forms then, for instance, energy efficiency [Cagno, Ramirez-Portilla, Trianni, 2015] or, more generally, disruptive innovation [Govindarajan, Kopalle, 2006] . In 2012 McKinsey [McKinsey, 2012] identified 10 "disruptive energy technologies" with great innovative potential. They were divided into technologies with market impact visible in either 2015 or 2020. The former included: unconventional gas, electric vehicles, advanced fuel efficiency standards, LED lighting and solar photovoltaics and we can now see that all of them impacted global markets. LED bulbs, solar panels for individual customers, further constraints on fuel efficiency and shale gas fever -have become a reality (though the prospects of expensive electric vehicles remain unclear). In the second group are: biofuel and electrofuels, clean coal, digital power conversions, compressor-less air-conditioning with electrochromic windows and grid-scale storage. However, their market impact is too preliminary to justify assumed market influence.
One of the most visible innovation inputs in the energy sector is R&D activity, which costs less in this sector as compared to the industries. The reasons why include the large scale of innovation projects, a strong preference for incremental innovations and the continued dominance of existing technologies . Effects of R&D activities in the energy sector have had great intensity, both negative and positive. On one hand, R&D activities are connected with greater market failures (such as indivisibility and uncertainty) [Jamasb, Pollitt, 2008] relative to other sectors. On the other, they generate great positive externalities . The role of R&D activities in the energy sector is also discussed in the context of liberalization. Among others, such researchers as Jamasb and Pollitt [2008] , Markard and Truffer [2006] have looked at how the liberalization process affects R&D activities in the energy sector.
Within energy technology innovation is the discrete subtopic of eco-innovations. This issue gained much attention as it focuses on links between energy and environment. Definitions of eco-innovations are always founded on technological aspects. More broadly, they also refer to how a company is managed, the type of products/services developed, or how they are marketed and distributed. Przychodzien [2015] . Among eco-innovations we can distinguish eco-innovative products and eco-innovative processes. Eco-innovative products result from market and customer expectations, while eco-innovative processes are response to changes in a regulatory framework [ibidem] .
Eco-innovations in the energy sector seek to reduce negative industry impact on the ecosystem. Generally, these innovation efforts stem from greenhouse gas (GHG) mitigation efforts, increased energy-prices and energy resources scarcity. The International Energy Agency (IEA) puts energy innovation at the heart of meeting climate change mitigation goals. IEA [IEA, 2015] believes that global decarbonization is possible only through incremental, radical innovation in the energy industry. Re-using lost energy (e.g. cogeneration)
Renewable/alternative energy sources Supply side measures Clean fossil fuels (e.g. clean coal)
S o u r c e : own elaboration based on Przychodzien, 2015. Eco-innovations can be divided into two groups. Demand-side measures reduce energy use and supply-side measures increase the quantity of energy supply. In this paper, an example of each type eco-innovations will be described.
A key eco-innovation on the demand-side is energy efficiency, which is gradually growing in importance due to supply constraints and volatile energy prices. Among the first works on energy efficiency and innovation were those of Lutzenhiser [1994] and Geels [2002] . Most of the literature devoted to innovation and energy efficiency tests the relationship between these two phenomena. For instance, Cagno, Ramirez-Portilla and Trianni [2015] , using a multiple case study of 30 Northern Italy foundries, examined the relationship between innovation and energy efficiency 3 , finding that more innovative firms are more energy efficient. Costa-Campi, García-Quevedo and Segarra [2015] , sampling Spanish manufacturing firms, (surprisingly) proved that energy efficiency innovations were not a direct effect of R&D activities. Using panel data from the Community Innovation Survey for the period 2008-2011, these scholars discovered that the decision to introduce energy efficiency innovations in Spain's manufacturing industry was instead determined by company size and profile, investments in tangible assets such as machinery, export orientation and organizational innovations. McMichael and Shipworth [2013] investigated the role of social networks in energy efficiency in UK between 2007 and 2009, conducting a case study of three British communities, and finding that mobilization of social capital could promote energy efficiency innovation. In that study, some respondents introduced energy efficiency innovations more eagerly after talking to people they knew instead of relying on conventional campaign information. Similar research on energy efficiency determinants conducted by Hrovatin, Dolsak and Zoric [2016] at the company level (using 848 Slovenian manufacturing firms during the 2005-2001 period) applied probit and bivariate probit models on a panel data set to prove that Slovenian firms behavior pattern followed the Hicks approach [1932] , i.e., high energy costs induced energy efficiency innovations.
One of the most important supply-side eco-innovation measures are renewable energy sources (RES) [Przychodzien, 2015] . Introducing RES into the primary energy balance became necessity for many countries. Irandoust [2016] tested the relation between technological innovation and renewables in four Nordic countries (Sweden, Finland, Denmark and Norway) during the period 1975-2012. He discovered unidirectional Granger causality running from technological innovation to renewable energy. But according to the literature, the source of innovation in the renewables' sector is ambiguous. Rexhauser and Loschel [2015] claim that studies confirming the regulation-driven nature of innovation in renewables are scarce. However, Johnstone, Hascic and Popp [2010] argue, that regulation, not prices, drive renewable innovations. This line of reasoning supports work by Huang et.al. [2012] , who analyzed China's energy policy through 2008, showing that national science and technology programs were the main source of innovations and R&D funding in the Chinese RES industry. Even though public funding in RES was meager (when compared to total domestic R&D), it crowded out private R&D investments in renewable in China. Dalton and Gallachoir [2010] go further, claiming that government policies not only support innovation in the renewables industry but are a primary determinant of the RES industry's creation. Using Irish and Danish energy policies, the authors conclude that without prudent government policy successful wind energy industry in Denmark would have never been established. The role of government policies in RES innovation has also been investigated on the company level. Noailly and Smeets [2015] analyzed 5,471 European electricity sector firms during the 1978-2006 period. Using heterogeneous (in terms of size) companies, the authors tested differences between investments in renewables and fossil fuel technologies. Their analysis indicated that in the case of small companies, innovation in renewables can be supported in the long-run only by specific policies. On the contrary, Przychodzien [2015] finds, that introducing innovations in the German renewables industry required no technological, market or social support. However, German society is one of the most environmentally-conscious in the world, which may explain why no additional stimulus was needed in this respect. In the long-term more stringent climate policy goals will intensify supply side eco-innovations [ibidem] .
Innovations in the Energy Industry in Poland
Measuring innovation relies on different indicators. In the 1950 s and 60 s outlays on education or R&D 4 and the number of the research personnel were pivotal. In the 1970 s and 80 s attention shifted towards the number of patents, scientific publications, new products and processes (or even to trade volume in high-tech goods). In the late XX th century innovations were captured by surveys that permit innovation rankings later used for international comparison [Rószkiewicz, 2015] .
No single measure fully captures innovations in the energy industry. There are several different measures showing innovation input, output and outcome. One energy-input metric is R&D outlays on energy related activities. Output measures include technologies that result from research and development, such as energy efficiency or RES. The metric depicting innovation outcomes in the energy industry includes energy intensity measures -often given in relation to GDP [Global Energy Assessment, 2012] .
In this section, we will depict energy innovations in Poland in the broader perspective of eco-innovations and on the basis of R&D outlays in the energy industry in Poland (innovation input) and two of the aforementioned energy-related innovations: RES and energy efficiency (innovation output).
According to the Eco-innovation Scoreboard, Poland's performance was weak in 2013, ranking second to last in the EU. The country scored in the Eco-innovation index 42, while EU-28 was on average more than twice as high (100). This negative trend had remained stable for Poland since the first report's release in 2010, and Poland's weak performance stemmed from poor overall resource-and energy-management. Energy-related issues included low energy-and carbon-efficiency were driven by heavy reliance on coal-fired electricity generation (Eco-innovation Observatory).
A survey conducted in 2013 on eco-innovations in Poland showed that energy innovations accounted for the majority of eco-innovations in Poland. There, eco-innovation suppliers primarily sold renewable energy technologies (biomass, bio-fuels, biogas and PVs), energy saving technologies in manufacturing and energy efficient construction capabilities. On the demand side, eco-innovation buyers in Poland sought such energy innovations as renewable energy technologies (PVs, solar collectors and heat pumps), energy saving technologies in manufacturing, energy technologies in construction and energy storage. There were private (53) and state-owned (2) companies, R&D units (34) and municipalities (10) [Miedzinski, 2013] responding to the study.
R&D expenditures in the energy industry serve as a proxy for innovation in this particular industry. OECD data includes in the energy budget R&D on production, storage, transport, distribution and rational use of energy (excluding prospecting and propulsion R&D) [OECD, 2015] . Poland, with its R&D energy budget accounting for 8% of the total R&D expenditures in the economy, ranked above the OECD (6%) and EU-28 (7%) average in 2014 [OECD, 2015] . This contrasts favorably with Poland's relatively low R&D budgets overall (2014 -ca. 0.9% GDP, EU-28 average: 2%) [Foy, 2015] . Notes: Data range stems from the OECD database availability. Numbers do not add up to the total R&D budget as they omit a category pertaining to power storage. S o u r c e : own elaboration based on the OECD database.
Since Poland is a coal-abundant country most implemented, ongoing and planned R&D projects focus primarily on cleaner fossil fuels. Breaking fossil fuels category into subcategories yields surprising results. Hydrocarbons -not coal -attracted the most R&D attention in the respective period. In 2014 other beneficiaries of energy R&D in Poland were energy efficiency and RES. Those three categories, namely fossil fuels, RES and energy efficiency, with different intensities between 2009 and 2014, contributed most to the overall energy R&D budget. This composition of the energy-R&D budget led the IEA in 2011 to call for greater diversification of the portfolio of R&D projects in Poland [IEA, 2011] . A similar R&D structure was also found across the world in 2008 [Global Energy Assessment, 2012] , with the exception of nuclear energy, which in 2008 attracted the greatest volumes of R&D worldwide (and is still in the introductory stage in Poland). All energy-related R&D activities in Poland between 2009 and 2014 were financed from public spending. The main funding sources for energy R&D and demonstration projects included the national budget, EU funds, and the National Fund for Environmental Protection and Water Management [IEA, 2011] . Energy-related innovations, like the energy R&D budget, present an optimistic landscape of Polish energy management. Renewables' production and use, demonstrated on the basis of their absolute production and share in electricity production/total primary energy supply, prove that their role is gradually rising. Between 2003 and 2013 production of renewables in Poland and their share in total primary energy supply doubled. Even better performance was observed in the case of renewable-based electricity generation, which increased tenfold during that period, driven by changes in regulations. A similar positive trend was observed in energy efficiency. As the OECD explained [OECD, 2014] , energy efficiency is often measured by energy intensity and presented as the relationship of the total primary energy supply to the GDP. The lower the achieved energy-intensity result, the better performance the country exhibits. Again, Poland improved its energy intensity between 2003 and 2013, and changes were as intensive as with renewables. Worth mentioning is the fact, that with the economic transition of 1990 s, Poland had already exhausted the easiest ways of improving energy efficiency, such as reducing obsolete energy-intensive industries. Therefore, energy efficiency changes after the 1990 s, required greater engagement from industry and have been more difficult to achieve.
Conclusions
Theoretical analysis of innovation in the energy sector leads to the following conclusions. Firstly, energy is both the determinant and subject of the innovation process in the economy. Energy prices can induce innovative solutions and, at the same time, energy can be subjected to various forms of innovation. Additionally, many energy-related innovations follow the theoretical concept of "disruptive innovations". Secondly, energy industry innovations in large part constitute eco-innovations. The reason for that is a close relationship between energy use and environmental protection. A primary goal of energy-related innovation is to develop solutions that reduce external costs associated with energy use. Thirdly, aforementioned solutions depending on their influence on the energy market, can be divided into two groups -measures affecting demand and the supply side of energy management. Fourthly, energy-related innovations (especially in energy efficiency) follow the idea of the fifth-generation innovation models, in which social mobilization plays role.
Empirical analysis of energy-related innovation suggests that for both types of measures, Poland performed well in the analyzed period. Between 2003 and 2013, the country increased renewable use and energy efficiency. Origins of those changes included, respectively, conducive regulatory and market conditions. Energy efficiency and RES were also among the top three recipients of public R&D between 2009 and 2014. The greatest R&D support for fossil fuels reflects energy security concerns. It is clear, that the search for cleaner coal and quest for a reduced reliance on hydrocarbon imports stipulate the composition of the energy-R&D budgets.
Theoretical and empirical study results (referring to RES) bring similar conclusions as the work of Huang et al. [2012] . First, in both of the analyzed countries, the source of RES innovation constituted public R&D spending. Second, countries performed well in RES deployment. One reason behind the convergence in those cases may be similar energy-resource endowment situations, which are driving energy policy priorities. This paper examined only selected energy-related innovations in Poland. A comprehensive theoretical analysis of the other innovations (e.g. energy demand reduction and re-using lost energy) would be an interesting next research step. A valuable empirical contribution may also be to test the conclusions of Huang et al. [2012] for Poland in an expanded statistical analysis.
Notes
1 Author's e-mail address: hlukas@sgh.waw.pl. 2 OECD and Eurostat recognize that might it not be apparent whether an innovation is disruptive until it has been introduced. That generates problems of data collection and, in turn, the phenomenon identification.
3 Firms' innovativeness is measured by internal R&D and Open Innovation practices. Whereas energy efficiency is measured by energy consumption, the level of adoption of energy-efficient technologies and barriers to energy efficiency. The results show that those foundries combining internal R&D with inbound innovation practices can expect a higher level of energy efficiency, a higher level of adoption of available technologies, and a lower perception of barriers to efficiency improvements [Cagno, Ramirez-Portilla and Trianni, 2015] . 4 Sometimes R&D is given as the relation of R&D to GDP.
